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A B S T R A C T
Air pollution has been suggested to aﬀect fetal growth, but more data is needed to assess the timing of exposure
eﬀects by using ultrasound measures. It is also important to study eﬀects in low exposure areas to assess
eventual thresholds of eﬀects.
The MAPSS (Maternal Air Pollution in Southern Sweden) cohort consists of linked registry data for around
48,000 pregnancies from an ultrasound database, birth registry and exposure data based on residential
addresses. Measures of air pollution exposure were obtained through dispersion modelling with input data from
an emissions database (NOx) with high resolution (100–500 m grids). Air pollution eﬀects were assessed with
linear regressions for the following endpoints; biparietal diameter, femur length, abdominal diameter and
estimated fetal weight measured in late pregnancy and birth weight and head circumference measured at birth.
We estimated negative eﬀects for NOx; in the adjusted analyses the decrease of abdominal diameter and
femur length were −0.10 (−0.17, −0.03) and −0.13 (−0.17, −0.01) mm, respectively, per 10 µg/m3 increment of
NOx. We also estimated an eﬀect of NOx-exposures on birth weight by reducing birth weight by 9 g per 10 µg/m
3
increment of NOx.
We estimated small but statistically signiﬁcant eﬀects of air pollution on late fetal and birth size and reduced
fetal growth late in pregnancy in a geographic area with levels below current WHO air quality guidelines.
1. Introduction
Evidence is accumulating that poorer growth during the fetal period
is an important risk factor for adverse health later in life with regard to
diseases such as coronary heart disease, stroke, type 2 diabetes and
hypertension (also referred to as the ‘fetal programming’ or ‘Barker
hypothesis’) (Barker et al., 2002). Here we assess whether widespread
environmental exposures – ambient air pollution - aﬀect fetal growth.
From a public health perspective, it is especially important to assess
environmental exposures to which a large and growing proportion of
the population is exposed, as is the case for air pollution.
Epidemiological evidence for the eﬀects of air pollution on birth weight
is accumulating (Backes et al., 2013; Slama et al., 2008). Exposure to
air pollution, especially to ultra-ﬁne particles ( < 1 µm), has been
shown to induce oxidative stress and inﬂammation (Terzano et al.,
2010). But we are only beginning to understand how air pollution
exerts its eﬀect on pregnant women and their fetuses. When inhaled,
particles smaller than 1 µm, corresponding well to the size range of
anthropogenic air pollution, can penetrate the alveolar wall and enter
the maternal bloodstream such that particles and inﬂammatory
mediators may reach the placenta and the fetus (Valavanidis et al.,
2008).
Animal and human studies have shown that inhalation of aerosols
can aﬀect mother and oﬀspring health at the microvascular level,
possibly through impairment of mitochondrial function (Janssen et al.,
2015; Stapleton et al., 2013, 2015).
Most epidemiological studies have investigated the association
between air pollution and birth weight. In recent years, the focus of
research shifted to addressing exposures during diﬀerent periods of
pregnancy and fetal growth and using ultrasound measures. To date
there have been ﬁve European (Aguilera et al., 2010; Iniguez et al.,
2012, 2015; Slama et al., 2009; van den Hooven et al., 2012), one
Australian (Hansen et al., 2008) and one US study (Ritz et al., 2014).
All of these studies have, however, been conducted in relatively small
study populations (n < 16000). The largest study conducted to date
(Hansen et al., 2008) used a spatially crude exposure assessment
method (nearest air monitoring station approach). The aim of the study
is to investigate associations between nitrogen oxides as markers of
traﬃc related air pollution exposures and a number of fetal growth
measures during diﬀerent time windows in pregnancy. In the present
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study we have the opportunity to further advance our knowledge
regarding the inﬂuence of air pollution on fetal growth in a large
population based cohort from Southern Sweden relying on exposure
measures with high spatial resolution. This study will allow us to detect
even small size eﬀects in a population exposed to relatively low levels of
air pollution in Europe. This is important for regulators who need to
assess whether a threshold of eﬀect might exist and what it might be.
Fig. 1. Map of modelled annual mean concentrations of NO2 for Scania (year 2001) in (a) the previously published studies and (b) the present study area (parts of Scania only).
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2. Method
2.1. Study population
MAPSS (Maternal Air Pollution in Southern Sweden) is an epide-
miological database with more than 48,000 births in the Malmö-Lund-
Trelleborg region, which is part of the most Southern county in
Sweden, Skåne [Scania] (see Fig. 1). The study population consists of
almost all (99%) singletons born between 1999 and 2009. We
previously published studies on the eﬀects of air pollution on birth
outcomes (low birth weight, preterm birth and small for gestational
age), gestational complications (preeclampsia and gestational diabetes)
and Type1 diabetes in the study period 1999–2005 (Malmqvist et al.,
2011, 2013, 2015). In the present study, we expand the study period to
2009 but also restrict the study area (see Fig. 1) and for the ﬁrst time
use ultrasound measures of fetal growth as primary outcomes. We also
control for socio-demographic information that was not available
previously.
The study comprise of women living in the catchment area of three
ultrasound centers (in Malmö, Lund and Trelleborg) in the south-
western part of the county (see Fig. 1). Pregnant women in larger
municipalities are referred to their own municipality's ultrasound
center with women living in smaller municipalities frequenting the
nearest ones. Malmö is the largest city in Skåne, with a population of
about 323,000 (the third largest city in Sweden). Malmö is considered
one of Sweden’s most segregated cities in terms of immigrants and
nearly one ﬁfth of Malmö residents are born outside Sweden (Stroh
et al., 2005). Lund is an inland university town with a population of
116,000 residents. Trelleborg has a population of only 43,000 inhabi-
tants. Trelleborg's air quality is highly aﬀected by busy trade and ferry
traﬃc connecting this city to German harbors (Stroh et al., 2005). To be
included in the study, women were required to have lived in the study
area in late pregnancy, i.e. have a late ultrasound scan available and
given birth while living in the area. Women who moved into the area
during pregnancy and lacked exposure information during ﬁrst and/or
second trimester, were only included in analyses based on late
pregnancy exposure measures only. For a small proportion of ad-
dresses geographical coordinates were not available. Thus, out of a total
of 48 861 births, we included 46,180 births with ultrasound data for
the ﬁrst, 46,687 for the second, and 47,043 for the third trimester in
our analyses.
2.2. Data collection
The cohort consists of linked (see Fig. 2) registry-data with
individually assessed air pollution exposure. The linking key is the
individual personal identiﬁcation code that is given to all Swedish
residents.
We used a local birth register Perinatal Revision Syd (PRS) which
contains information on all mothers and their babies born in Skåne
since 1999. We received socio-demographic information including
country of birth, household income and highest maternal education
from Statistics Sweden.
Furthermore, we obtained records for two ultrasound scans per
pregnancy routinely performed at the three ultrasound centers. The
ﬁrst ultrasounds conducted around gestational week 14 were used for
dating fetal gestational age and only the second ones around week 32
were used in our analyses. This study was reviewed and approved by
the Lund University Ethical Committee prior to its conduct.
2.3. Outcome measures
2.3.1. Ultrasound measure in late pregnancy
We relied on several fetal growth measurements available from the
ultrasound scans around week 32–33: speciﬁcally, estimated devia-
tions from expected birth weight and measurements of biparietal
diameter, abdominal diameter and femur length. Biparietal diameter
is measured from the outer edge of the proximal parietal bone to the
inner edge of the distal parietal bone and abdominal diameter is the
mean of anteroposterior and transverse abdominal diameter (see also
simpliﬁed picture in Fig. 3). Fetal weight at time of the scan was
calculated based on the formula of Persson Weldner, which includes
biparietal diameter, femur length and abdominal diameter and is
described in standard deviation scores above or below the expected
fetal weight for gestational age and gender according to the Swedish
standard curve (Marsal et al., 1996). Seven measures of femur length
recorded as ‘zero’ were treated as missing values; we additionally
excluded 53 outliers with a biparietal diameter < 60 mm.
2.3.2. Birth outcomes
We obtained head circumference and birth weight measured at
birth and recorded in PRS. The measured birth weight was also
described in standard deviation (SD) scores above or below the
expected birth weight for gestational age and gender according to the
Swedish standard curve (Marsal et al., 1996) (1.28 SD (10th percentile)
deviation from this curve is normally referred to as Small for
Gestational Age (SGA) or Large for Gestational Age (LGA)).
There were 14 measures of birth weight and 3154 measures of head
circumference recorded as zero and we treated these as missing values.
Fetal growth between the late pregnancy ultrasound (~week 32)
and delivery was expressed as the diﬀerence between the estimated
fetal weight standard deviation at ultrasound examination II and the
birth weight standard deviation (see Fig. 2). Growth per week was
calculated by dividing the diﬀerence between birth and fetal weight by
the number of days (expressed in weeks with a decimal) that elapsed
between measurement dates. To improve interpretability, this diﬀer-
ence was multiplied by seven weeks (the mean interval between the two
events) (Lindell et al., 2012). We will refer to this as third trimester
Fig. 2. Record linkage.
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growth (Fig. 4).
2.4. Exposure to air pollution
We obtained information on residential geographical coordinates
from Skåne Regional Council and used these to assess exposure to air
pollutants at each woman's home. The geographical coordinates for a
woman's residence is only updated at the end of each year in the
registry. For every gestational month we estimated exposure based on
the information nearest in time (Jan-June coordinates from end of
previous year and July–Dec coordinates from end of year). There could
thus be some misclassiﬁcation of exposure for women changing
residence during pregnancy which was dealt by sensitivity analyses
excluding those women.
We used a modiﬁed Gaussian ﬂat two-dimensional dispersion
(AERMOD) model (EPA, 2004), based on extensive Emissions Data-
Bases (EDB) and local meteorology to model exposure to NOx. Highly
temporally resolved (hourly) measures were aggregated to trimester
means (months 1–3 for trimester 1, months 4–6 for trimester 2, and
months 7 to the end of the last month of each individual pregnancy for
trimester 3). We used two diﬀerent spatial resolutions: 500 m grid cells
for the birth years 1999–2005 and 100 m grid cells for the years 2006–
2009. Over time the emission database has been improved such that
later years have a more detailed emissions data than earlier years. The
later years also have slightly lower air pollution levels due to changing
emission standards (see Table 1). The EDB contains more than 25,000
emission sources, including road traﬃc (intensity and type of vehicles
on each road segment), shipping, aviation, railways, industrial sites,
energy and heat producers (in houses and by large producers),
construction machinery and contributions from releases in Zealand,
Denmark. Measurements from monitoring stations are used to cali-
brate the model.
Both the data and the dispersion model have been thoroughly
documented and validated with actual measurements of air pollutants
with respect to concentrations and suitability of its spatial and
temporal resolution. Modelled levels have been validated against
measured levels at house facades based on an external measurement
campaign showing high predictability of measured values by the model
(N=241, Spearman correlation of 0.8, p < 0.001) (Stroh et al., 2007,
2012).
2.5. Statistical analyses
All analyses were conducted using IBM SPSS Statistics version 22.
We performed linear regression analyses for each outcome and 10 µg/
m3 increments of NOX. We adjusted for known risk factors for fetal
growth retardation; maternal age ( < 25, 25–35 and > 35 years), parity
(primiparae and multiparae), pre-pregnancy BMI ( < 18.5, 18.5–24.9,
≥25 kg/m2), and smoking in early pregnancy (0, 1–9, > 9 cigarettes/
day at ﬁrst antenatal visit at week 8–12) and child's sex. To adjust for
socio-economic status (hereafter referred to as SES) we obtained data
for household income, maternal education and country of origin from
Statistics Sweden: household dispensable income < 200,000, 200,000–
300,000, 300–400,000, > 400,000 SEK/year. Maternal education
attained at the year of the birth of the child was deﬁned as: pre-
secondary education (≤9 years), secondary and post-secondary educa-
tion. We also explored maternal country of origin as a marker of SES,
lifestyle factors such as diet or genetic susceptibility (based on country
of birth grouped as mothers born in (1) Nordic countries and (2) other
countries (other European, North America, South America, Africa and
Asia); excluding 67 who did not fall into these categories or lacked
information). We also adjusted for the two emission modelling periods.
For ultrasound measures, we adjusted for municipality which for most
women is a proxy for their ultrasound center. We also adjusted for
gestational age at ultrasound. Most covariates were treated as dichot-
omous variables, except for gestational age at ultrasound (in days)
which was treated continuously.
The only variables with more than 5% missing values were smoking
(7%) and BMI (12%). We performed sensitivity analysis for non-
smokers and women with normal BMI only. We additionally performed
sensitivity analyses by excluding women with pregnancy complications
(preeclampsia and gestational diabetes), high pre-pregnancy BMI,
preterm deliveries, or those who moved into the area during pregnancy,
multiparae (to account for sibling eﬀects) and also stratiﬁed by infant
sex. To account for ethnic diﬀerences in fetal growth we also performed
sensitivity analyses that restricted to Swedish born women only. We
also restricted some analyses to women for whom ultrasound exam-
inations were performed in gestational weeks 31–33. Ultrasound
measures may vary systematically between centers due to training
and/or measuring habits of the midwife examiners. As air pollution
levels also vary between centers, we performed sensitivity analyses
stratifying according to center. We also adjusted for municipality which
in most cases is a proxy for ultrasound center. In addition, we
accounted for emission modelling diﬀerences by conducting stratiﬁed
analyses as well as analyses with or without adjustment for the two
emission modelling periods. We also present ultrasound measures for
the two periods for emission modelling separately (in Supplemental
materials).
3. Results
The demographic characteristics of study participants are presented
in Table 2. Correlations between exposures in diﬀerent trimesters were
very high (Pearson's correlation 0.80–0.87 p < 0.01) due to little
annual ﬂuctuation in NOx. Here we present results for second trimester
exposures close to our ultrasound measures and for third trimester
exposures for outcome measures taken at birth, however, results were
similar in all trimesters.
Modelled NOx levels were negatively associated with all ultrasound
measures (biparietal diameter, abdominal diameter and femur length)
in unadjusted models. Adjusting for potential confounders moved the
Fig. 3. A simpliﬁed picture of the ultrasound and birth measures.
Fig. 4. Timing of fetal growth measurements.
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estimated eﬀects towards the null, but all ultrasound measures
remained negatively and statistically signiﬁcantly associated with NOx
except for biparietal diameter. In the adjusted analyses the decrease of
abdominal diameter and femur length were −0.10 (−0.17, −0.03) and
−0.13 (−0.17, −0.01) mm, respectively, per 10 µg/m3 increment of NOx
(see Table 3). The eﬀect estimates were similar and stable in sensitivity
analyses, except for femur length in later emission modelling years
(Supplemental materials). However, associations between NOx and
biparietal diameter varied according to emission modelling years,
ultrasound centers and in additional sensitivity analyses
(Supplemental materials). For estimated fetal weight, each 10 µg/m3
increase in NOx during the second trimester tended to shift the weight
below the standard curve (SD), however these results were not robust
throughout all sensitivity analyses (Supplemental materials). For with-
in area analyses, i.e. by ultrasound center, most of the eﬀect estimates
tended to be similar and in the same direction as those mentioned
above. However, the eﬀects on biparietal diameter varied between
Table 1
Modelled levels of NOx in (µg/m
3).
All years
trimester 1
All years
trimester 2
All years
trimester 3
1999–2005
trimester 2
2006–2009
trimester 2
Mean (SD) 18.0 (8.4) 17.8 (8.4) 17.3 (8.2) 18.7 (9.0) 16.4 (7.0)
Quartile 1 3.3–11.3 3.2–11.1 3.5–10.7 3.9–11.3 3.2–10.7
Quartile 2 11.3–16.9 11.1–16.5 10.7–16.1 11.3–17.3 10.7–15.6
Quartile 3 16.9–23.4 16.5–23.2 16.1–22.4 17.3–22.7 15.6–21.1
Quartile 4 23.4–52.2 23.2–54.2 22.4–56.0 22.2–54.2 21.1–54.0
Table 2
Demographic characteristics of the study population, by highest and lowest exposure quartile.
All women N=48,743 Women in the lowest exposure quartile (trimester 2)
N=11,730
Women in the highest exposure quartile (trimester 2)
N=11,590
Characteristic Mean (SD) Mean (SD) Mean (SD)
Maternal age (year) 29.9 (5.1) 30.6 (4.9) 29.0 (5.3)
Maternal height (cm) 166 (6.6) 167.1 (6.3) 165.3 (6.7)
Gestational week at 2nd ultrasound 32.8 (1.1) 33.0 (1.1) 32.7 (1.1)
Biparietal diameter (mm) 84.5 (3.6) 84.8 (3.6) 84.3 (3.6)
Abdominal diameter (mm) 94.3 (5.5) 94.9 (5.6) 93.6 (5.2)
Femur length (mm) 63.7 (3.0) 63.9 (3.0) 63.2 (3.0)
Gestational length at birth (in days) 279 (10) 278 (10) 279 (10)
Birth weight (g) 3562 (517) 3610 (525) 3525 (519)
Head circumference (cm) 35.1 (1.6) 35.3 (1.6) 34.9 (1.5)
N (%) N (%) N (%)
Parity
1 25,528 (52.4) 9476 (80.8) 3283 (28.3)
2 20,851 (42.8) 2071 (17.7) 7352 (63.4)
≥3 2357 (4.8) 183 (1.6) 955 (8.2)
Smoking (cigarettes/day)
0 40,661 (83.4) 9553 (81.4) 9601 (82.8)
1−9 3244 (6.7) 776 (6.6) 930 (8.0)
> 9 1366 (2.8) 304 (2.6) 470 (4.1)
Missing 3472 (7.1) 1097 (9.4) 589 (5.1)
Pre pregnancy BMI (kg/m2)
< 18.5 1161 (2.4) 230 (2.0) 298 (2.6)
18.5−24.9 26,688 (54.8) 5974 (50.9) 6384 (55.1)
25−29.9 10,458 (21.5) 2629 (22.4) 2589 (22.3)
> 30 4451 (9.1) 1151 (9.8) 1135 (9.8)
Missing 5923 (12.2) 1746 (14.9) 1184 (10.9)
Country of birth
Nordic 34,526 (70.9) 10,508 (89.6) 6425 (55.4)
Other 14,088 (29.1) 1212 (10.4) 5147 (44.4)
Preeclampsia (all) 1383 (2.8) 307 (2.6) 364 (3.1)
Preeclampsia (severe) 236 (0.5) 41 (0.3) 72 (0.6)
Gestational hypertension 767 (1.6) 230 (2.0) 137 (1.2)
Chronic hypertension 220 (0.5) 57 (0.5) 72 (0.6)
Gestational diabetes 1319 (2.7) 245 (2.1) 378 (3.3)
Diabetes Mellitus 331 (0.7) 66 (0.6) 91 (0.8)
Child's sex
Boys 25,058 (51.5) 6068 (51.7) 5979 (51.6)
Girls 23,623 (48.5) 5662 (48.3) 5611 (48.4)
Household income (SEK/year)
< 200,000 11,374 (23.4) 1357 (11.6) 4392 (37.9)
200−300,000 12,122 (24.9) 2425 (20.7) 3636 (31.4)
300−400,000 12,583 (25.8) 3870 (33.0) 2140 (18.5)
> 400,000 11,475 (23.6) 3925 (33.5) 1202 (10.4)
Maternal Education
Primary 6251 (12.8) 984 (8.4) 2235 (19.3)
Secondary 20,170 (41.4) 5710 (48.7) 4814 (41.5)
Post-secondary 20,202 (41.5) 4905 (41.8) 3702 (31.9)
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ultrasound centers (Supplemental materials).
For head circumference measured at birth, we estimated negative
eﬀects for NOx that remained statistically signiﬁcant after all adjust-
ments; i.e. a reduction of −0.5 mm (95% CI; −0.7, −0.2) per 10 µg/m3
increment in NOx and all eﬀect estimates remained robust in sensitivity
analyses (Supplemental materials).
We estimated a reduction in third trimester growth with increasing
third trimester NOx exposures (calculated z-score change between z-
score at ultrasound and BW z-score per 7 weeks of gestation). Birth
weight as a continuous variable was also aﬀected such that each 10 µg/
m3 increment of NOx corresponded to an approximately 9 g reduction
in birth weight in adjusted models (see Table 4). Eﬀects were robust in
all sensitivity analyses except that during the later modelling years (see
supplemental material) and when we excluded preterm births the eﬀect
size for NOx on birth weight was reduced to −4 g per 10 µg/m
3 (data
not shown).
4. Discussion
In this large cohort of Swedish newborn children, we found that
exposure to NOx consistently and negatively aﬀected most measures of
fetal growth late in pregnancy. In our study area air pollution exposures
are relatively low and generally below WHO air quality guidelines,
which might also explain why we did not ﬁnd consistent negative
associations for a dichotomous birth outcome measure such as LBW
(Malmqvist et al., 2011). Nonetheless, here we show that our disper-
sion model derived NOx-measures with high spatial deﬁnition are
associated with lower birth weight by 9 g per 10 µg/m3 increment of
NOx. We additionally estimated negative eﬀects of NOx on fetal growth
measured via ultrasound late in pregnancy (approximately month 7 to
birth) suggesting that fetal growth was slower in this period among the
exposed.
Our results for head circumference are in line with what has been
reported in previous studies. Earlier studies have reported that air
pollution reduced biparietal diameter (Aguilera et al., 2010; Hansen
et al., 2008; Iniguez et al., 2012; Ritz et al., 2014; Slama et al., 2009).
Our results for biparietal diameter were not completely consistent
across sensitivity analyses, i.e. we only observed reductions in bipar-
ietal diameter for primiparae and Swedish born women. We were not
able to detect diﬀerences among multiparae and the multiethnic
Malmö population which might be due to residual confounding in this
population that we are unable to address with the covariates available
to us.
4.1. Limitations and strengths
It should be noted that the estimated fetal weight is not a
measurement but a result of a calculation that is prone to include the
error of estimation plus the measurement error in each parameter,
while birth weight is a real measurement. The outcome’ third trimester
growth’ is therefore aﬀected by misclassiﬁcation error. We selected
covariates for analytical adjustment based on previous studies (Lindell
et al., 2012) and a review (Smarr et al., 2013) as well as general
considerations for assessment of confounding (including directed
acyclical graphs). It might be relevant to note that there are diﬀerences
in the demographics of low and high exposure areas. Even within
certain education-income-immigration strata, there may be factors that
determine which people leave or remain in high exposure areas and
experience adverse pregnancy events. We also cannot exclude residual
confounding due to unmeasured factors such as maternal diet and
occupations.
A limitation in our SES measurement is that we used household
income and unmarried couples expecting their ﬁrst child are not yet
classiﬁed as a household according to the SES registry; thus household
income is solely based on maternal income which underestimates
incomes for some primipara's households. However, this should not
have aﬀected our results substantively as we also had other individual
SES proxies; maternal education, smoking and country of birth.
Another limitation, as mentioned in previous studies (Smarr et al.,
2013), is the possibility of systematic diﬀerences in measurement
techniques between individual ultrasound technicians that may also
create systematic diﬀerences between study areas; we, thus, also
studied within area eﬀects. Adjustment for area, however, will not
remove measurement error and in addition over-adjusts for exposure
diﬀerences between areas. Thus, we performed analyses both with and
without area adjustment.
Another limitation is that exposure, as in most epidemiological air
pollution studies, is modelled outdoors at the residential address,
which might not reﬂect indoor or personal pollution levels especially
for women who work and spend much time away from their home.
However, workplace address, daily time spent in traﬃc or commuting
time have previously been added in the same study area to improve
exposure assessment in a study investigating the association between
air pollution and adult asthma but was not found to be a driver of
estimated eﬀects (Lindgren et al., 2010).
This study has several strengths primarily due to the large amount
and great detail of data available to us. All mothers have had universal
access to the same quality maternal health care, and all outcomes were
assessed according to standardized protocols. Information about con-
founders such as smoking was collected early in pregnancy and
answers could not have been inﬂuenced by birth outcomes. The
Swedish and regional birth registries contain a large amount of
information, which made it possible to adjust for most known potential
confounders, and SES at the individual level was provided by Statistics
Sweden. In addition, we had the possibility to assess air pollution
exposure with high spatial resolution at home addresses using an
extensive emission database. We were also able to study the eﬀects of
air pollution on fetal growth late in pregnancy, possibly the most
Table 3
Ultrasound measurement changes per 10 µg/m3 increment of NOx in second trimester
(with 95% Conﬁdence intervals) in unadjusted and adjusted models.
Unadjusted beta
coefficient (95% CI)
Adjusteda beta coeﬃcient
(95% CI)
Biparietal diameter
(mm)
−0.22 0.06
(−0.26, −0.18)* (0.01,−0.1)
Abdominal diameter
(mm)
−0.64 −0.10
(−0.70, −0.58)* (−0.17, −0.03)*
Femur length (mm) −0.37 −0.13
(−0.40, −0.33)* (−0.17, −0.01)*
Estimated fetal weight
(SD)
−0.27 −0.16
(−0.38, −0.16)* (−0.31, −0.01)*
a Adjusted for maternal age, parity, BMI, smoking, country of birth, education, fetal
sex, emission modelling period, gestational week at ultrasound, ultrasound center and
household income.
* p-value < 0.05.
Table 4
Birth measurement changes per 10 µg/m3 increment of NOx in third trimester (with 95%
conﬁdence intervals) in unadjusted and adjusted models.
Unadjusted beta
coefficient (95% CI)
Adjusteda beta
coeﬃcient (95% CI)
Head circumference
(mm)
−1.5 −0.5
(−1.7, −1.3)* (−0.7, −0.2)*
Birth weight (grams) −39 −9.1
(−45, −34)* (−16,−2.2)*
3rd trimester growth −1.1 −0.7
(z-score change/7 weeks) (−1.2, −0.9)* (−0.9, −0.5)*
a Adjusted for maternal age, parity, BMI, smoking, country of birth, education, fetal
sex, emission modelling year and household income.
* p-value < 0.05.
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interesting period to study as it is the time of the fastest fetal growth.
4.2. Biological mechanism
Our study focusses on estimating fetal growth as aﬀected by NOx,
i.e. a gas derived from combustion sources, mainly attributed to traﬃc.
NOx levels may also correspond to or act as markers for pollutant
mixtures from traﬃc sources and for particulate matter < 1 µm in
aerodynamic diameter [PM1] or even ultraﬁne particulate matter <
0.1 µm in aerodynamic diameter [PM0.1] according to previous studies
(Arhami et al., 2009). Pregnant women have an approximately 50%
increased alveolar ventilation rate (Hackley et al., 2007) resulting in an
increased uptake of inhaled pollutants including ultraﬁne particles
from traﬃc sources. Ultraﬁne particles have shown to enter the blood
stream and could lead to oxidative stress, DNA damage and reduced
fetal nutrient uptake (Smarr et al., 2013). Recently, Placental
Mitochondrial DNA content has been suggested a mediator between
air pollution and birth weight (Clemente et al., 2016). In that study
they looked at eﬀects of mass concentration of also larger particles,
particulate matter < 2.5 µm in aerodynamic diameter [PM2.5], in
which the smaller particles from traﬃc is only a small fraction of total
mass concentration.
4.3. Implication
From an international perspective, Southern Sweden is an area
impacted by relatively low air pollution levels, even though from a
national perspective levels are high due to its vicinity to Copenhagen
and Europe with higher road and sea transport related sources of air
pollution. Most road traﬃc (passenger cars as well as trucks) coming
from the European continent to Sweden and Norway passes through
Southern Sweden via several motorways. Several harbors in the region
and a considerable amount of cargo shipping and ferry transport along
the coast provide additional emission sources. Still, annual mean urban
background NO2 on the west coast of Scania in the most polluted year
of our study (1999) was approximately 20 µg/m3 (Sjöberg et al., 2006),
which is well below the present-day WHO air quality guideline value of
40 µg/m3 (WHO, 2006).
Restricted fetal growth has been linked to adverse health later in life
according to the ‘Barker hypothesis’ with regard to diseases such as
coronary heart disease, stroke, type 2 diabetes and hypertension
(Barker et al., 2002). More recently it has been reported that head
circumference is related to decreased brain volume (Vieira, 2015) and
might have implications for neurodevelopment (Murray et al., 2015).
This is in line with the recent discoveries that prenatal air pollution
may aﬀect neurodevelopment (Suades-Gonzalez et al., 2015). It is
therefore important to further limit exposures, especially common
exposures such as air pollution for which the population attributable
fraction can be very large. For example, 9 g of birthweight reduction
per 10 µg/m3 increment of NOx might seem small; however, the
worldwide much higher levels of air pollution that expose large
populations and ever growing urban populations may turn even small
size eﬀects on fetal development into important public health problem.
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